Approximately one-third of individuals with sickle cell disease (SCD) develop chronic pain. This debilitating pain is inadequately treated because the underlying mechanisms driving the pain are poorly understood. In addition to persistent pain, patients with SCD are also in a tonically proinflammatory state. Previous studies have revealed that there are elevated plasma levels of many inflammatory mediators including chemokine (c-c motif) ligand 2 (CCL2) in individuals with SCD. Using a transgenic mouse model of SCD, we investigated the contributions of CCL2 signaling to SCD-related pain. Inhibition of chemokine receptor 2 (CCR2), but not CCR4, alleviated the behavioral mechanical and cold hypersensitivity in SCD. Furthermore, acute CCR2 blockade reversed both the behavioral and the in vitro responsiveness of sensory neurons to an agonist of TRPV1, a neuronal ion channel previously implicated in SCD pain. These results provide insight into the immune-mediated regulation of hypersensitivity in SCD and could inform future development of analgesics or therapeutic measures to prevent chronic pain.
Introduction
Sickle cell disease (SCD) is an inherited blood disorder that occurs in 1 of 400 African American births and affects approximately 100,000 Americans. 11, 24 Pain is a hallmark of SCD and the most common reason for emergency department visits among this patient population. 62 In addition to the severe episodic pain experienced during acute vaso-occlusive crises, many individuals with SCD also develop chronic persistent pain. In fact, 30% of adults with SCD report pain every day, and 55% of all days include either chronic or acute pain. The chronic pain has attributes of both spontaneous and stimulus-evoked pain. 1, 2, 50 Many of these individuals are sensitive to cold water or cold temperatures, and innocuous mechanical stimuli including light brushing of the skin or increased wind speed can be perceived as painful. 41 Transgenic SCD mice also display clear persistent hypersensitivity to mechanical and thermal stimuli, even in absence of an experimenter-induced vaso-occlusive crisis, thereby recapitulating the heightened cutaneous sensitivity observed in patients with SCD. 9, 12, 23, 26, 31 Using these animal models, many attempts have been made at defining the neuronal mechanisms underlying chronic SCD pain. With the field's increased understanding, however, it has become clear that additional nonneuronal processes, including chronic inflammation, likely contribute to the observed altered somatosensation. 2 Recent studies suggest that both peripheral and central sensitization contribute to the altered somatosensation observed in SCD. 14, 26 Peripherally, isolated sensory neurons from SCD mice show sensitization to mechanical stimulation, which is mediated in part by the ion channel transient receptor potential vanilloid 1 (TRPV1). 26 Chronic inflammation resulting from repeated vaso-occlusive events might be sensitizing this channel or others that are important in the generation or perpetuation of pain in both patients with SCD and model organisms. Chemokine (c-c motif) ligand 2 (CCL2), also known as monocyte chemoattractant protein-1 (MCP-1), is a proinflammatory mediator that is elevated in patients with SCD both during and between crises. 47 Evidence from other pain models indicates that CCL2 signaling at its primary receptor CCR2 can enhance neuronal excitability and nociception. 7, 37, 66 Recently, CCL2 was also shown to mediate cold allodynia in neuropathic pain conditions. 46, 65 Although research efforts have explored the contributions of inflammatory mediators to the endothelial and vascular function in SCD, the roles of these mediators in the generation and maintenance of SCD pain are not known. 17 Therefore, we sought to address the role of CCL2 in the persistent mechanical and cold sensitization observed in SCD mice. Specific contributions of signaling through CCR2 and CCR4 , the 2 primary receptors for CCL2, were assessed using behavioral assays. 19 Behavioral findings were further explored at the cellular level using calcium imaging. Finally, the link between CCL2 signaling and TRPV1 sensitization was investigated. Collectively, these findings provide novel insight into the contribution of inflammatory mediators on pain in SCD.
Methods

Animals
An a priori decision was made to include 2 transgenic mouse models for behavioral studies: a model of severe SCD and a model of sickle cell trait. The Berkeley sickle mice (Berk SS) contain no murine globin genes but rather carry a transgene driving expression of human a globin and sickle b globin [Tg(HuminiLCRa1
)], thus circulating red blood cells contain only human sickle hemoglobin. 44 Many physiological characteristics of severe human SCD are recapitulated in these mice including sickled red blood cells, hemolytic anemia, organ damage, and increased pain behaviors. 26, 31, 34, 44 Heterozygous Townes mice (Townes AS) were also used 48 ; these knockout-knockin animals contain no murine globins. Instead, these animals contain one copy of normal adult human b globin and one copy of adult human sickle b globin, in addition to normal human a globin within the mouse globin locus. As such, Townes AS mice model sickle cell trait in humans, and portray a mild phenotype of several components of SCD pathology. 64 Because Berk and Townes mice both contain considerable genetic background from C57BL/ 6 and 129 mice, B6;129 hybrid animals were used as a shared control. Male mice were used for all experiments unless otherwise stated; mice were bred in-house and were 8 to 16 weeks of age at testing since we and others have shown that the severity of pain behaviors increases in SCD mice with age. 12, 63 All procedures and protocols were approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin.
CCL2 ELISA
Plasma CCL2 levels were assessed in Berk SS and B6;129 mice. Trunk blood was obtained through cardiac puncture from isoflurane-anesthetized animals. Sodium citrate-coated syringes were used to remove blood, which were stored on ice after collection. Blood samples were centrifuged for 15 minutes at 1500 rpm and 4˚C. The plasma supernatant was stored at 280˚C until use. CCL2 concentrations were measured in plasma using a mouse CCL2-specific ELISA kit (Affymetrix MCP-1 ELISA Ready-SET-Go!; Santa Clara, CA) and compared with CCL2 standards.
Immunofluorescence
CCR2 expression was examined in lumbar dorsal root ganglia (DRG) neurons from B6;129 and Berk SS mice; DRG were cultured as described below. After culturing, neurons were fixed in 4% paraformaldehyde. Fixed cells were blocked in 10% normal donkey serum, 5% normal goat serum, and 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 1 hour then incubated in a solution of the following primary antibodies for 1 hour: mouse antiNeuN (1:500; Millipore, Burlington, MA #MAB377) and rabbit anti-CCR2 (1:50; Abcam, Cambridge, United Kingdom #ab203128) in blocking solution. Cells were washed and then incubated with the following secondary antibodies for 1 hour: donkey anti-rabbit AlexaFluor 594 (1:200; Invitrogen, Carlsbad, CA #A21207) and goat anti-mouse AlexaFluor 633 (1:200; Invitrogen, #A21050) in blocking solution. Coverslips were mounted and confocal images were obtained using a Nikon Eclipse E600 microscope.
Behavior
All testing was performed by experimenters blinded to mouse genotype and treatment.
Mechanical sensitivity testing
Mice were habituated to the testing environment for at least 1 hour before testing. Calibrated von Frey filaments (0.20, 0.39, 0.69, 1.57, 3.92, 5.88, 9.81, and 13.73 mN, Δ 5 0.27; Bioseb, Pinellas Park, FL) were used to assess mechanical sensitization. Starting with the 3.92 mN filament, filaments were applied to the center of the plantar surface of the hind paw until bent at approximately 30˚, for no longer than 2 seconds. If the animal fully raised the stimulated paw from the wire mesh testing environment before this 2-second cutoff, this was considered a withdrawal; toe flaring alone was not considered a withdrawal. If the 3.92 mN filament evoked a withdrawal response, the paw was next probed with the 1.57 mN filament; if the 3.92 mN filament did not evoke a response, the 5.88 mN filament was used. After the first change in response (ie, animals responded to filament after not responding to previous filament or vice versa), this up-down method was used for 4 additional stimulations. A 50% paw withdrawal threshold (ie, the force that elicited paw withdrawal during 50% of trials) was calculated for both the left and right paws after previously published methods, 16, 20 then averaged between paws.
Cold sensitivity testing
The cold plantar assay and thermal preference tests were used to assess cold sensitivity. In the cold plantar assay, mice were habituated to the testing environment (10 3 10 3 20 cm Plexiglass chamber resting on 2.5 mm thick glass floor) for an hour before testing. Powdered dry ice was loaded into a 3 mL plastic syringe that had the tapered end removed; this cold probe was then applied to the underside of a glass floor plate to stimulate the plantar hind paw until the limb was withdrawn (not to exceed 20 seconds). 10 This was repeated 5 times per paw, with a minimum of 60 seconds between applications. Withdrawal latencies were recorded for each paw and averaged between paws for an individual mouse. When the effect of intraplantar drug administration was measured, only the injected paw was assayed. As a second measure of cold sensitivity and thermal aversion, the 2-temperature preference assay was used. 4, 39, 63 Mice were allowed to freely explore a testing chamber (TECA Corp, Chicago, IL) in which the floor was composed of 2 thermally regulated metal plates that were set to specific temperatures for each experiment. Mice were habituated to the apparatus for 15 minutes before the day of testing; this limited pre-exposure was chosen to prevent reduction in exploratory drive during the test phase. During the habituation and 5-minute baseline testing phases, both sides of the chamber were set to 30˚C. During the 5-minute cold testing phase, one plate remained at 30˚C, whereas the second was held at 23˚C. The percent time spent on the 23˚C plate was measured.
Capsaicin test
TRPV1 sensitivity was assessed using the capsaicin test. 49 Capsaicin (160 or 16 ng in 20 mL) or PBS vehicle was injected subcutaneously into the center of the plantar surface of the hind paw. Nociceptive behaviors (licking, flicking, or lifting) during the 5 minutes after paw injection were recorded and scored by an experimenter blinded to treatment.
Drug administration
The specific CCR2 antagonist, RS 504393 (3 mg/kg unless otherwise stated; also used 1 mg/kg and 10 mg/kg; Tocris, Bristol, United Kingdom), or 5% dimethylsulfoxide (DMSO) (in PBS) vehicle was injected subcutaneously into the neck 30 minutes before behavioral testing. This dose has previously been effective in reducing paclitaxel-induced hyperalgesia. 46 In additional experiments, intrathecal RS 504393 (3 mg/5 mL; dose effective in reducing bone cancer thermal hyperalgesia 45 ) administration was performed 30 minutes before behavioral testing, or intraplantar RS 504393 (3 mg/10 mL; dose effective in reducing carrageenan-induced thermal hyperalgesia 33 ) was administered 60 minutes before behavioral testing. The CCR4 antagonist C 021 dihydrochloride (3 mg/kg; Tocris) or PBS vehicle was injected subcutaneously into the neck 30 minutes before testing. This dose has previously been effective in protecting against the proinflammatory response associated with hepatic encephalopathy. 36 The TRPV1 antagonist A-425619 (34.5 mg/kg unless otherwise stated; also used 10.3 mg/kg and 115 mg/kg; Abbott Laboratories, Abbott Park, IL) or 10% DMSO, 34% 2-hydroxypropyl b-cyclodextran vehicle was administered intraperitoneally (i.p.) 30 minutes before testing. This dose has previously been effective in reducing mechanical hypersensitivity in Berk SS mice. 26 The TRPA1 antagonist HC-030031 (100 mg/ 30 mL) was subcutaneously injected into the hind paw 60 minutes before behavioral testing. This dose has previously been effective in reducing CFA-induced thermal hypersensitivity. 32 
Dorsal root ganglia culture
Bilateral lumbar 1 to 6 DRG were isolated from Berk SS and B6; 129 control mice. Mice were deeply anesthetized with isoflurane (Midwest Veterinary Supply, Sun Prairie, WI) and euthanized through decapitation. Isolated DRG were collected into Hanks' balanced salt solution (Gibco; ThermoFisher Scientific Waltham, MA) then transferred to a 50:50 solution of Dulbecco's modified Eagle's medium and Ham's F12 medium (Gibco). Dorsal root ganglia were chemically dissociated through incubation in 1 mg/ mL collagenase type IV (Sigma Aldrich, St. Louis, MO) for 40 minutes then in 0.05% trypsin (Sigma Aldrich) for 45 minutes. All incubation steps occurred at 37˚C and 5% CO 2 . The ganglia were washed and resuspended in a complete medium consisting of a 50:50 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium supplemented with 10% heat-inactivated horse serum (Invitrogen, ThermoFisher Scientific), 2 mM Lglutamine (Invitrogen), 0.5% glucose (Sigma Aldrich), 100-units/ mL penicillin (Invitrogen), and 100 mg/mL streptomycin (Invitrogen). No exogenous growth factors were added to the medium. Cells were physically dissociated through trituration, plated onto laminin-coated (Sigma) glass coverslips, and incubated at 37˚C with 5% CO 2 until use.
Calcium imaging
Eighteen to 30 hours after culturing, calcium imaging was performed on DRG cultures using the dual wavelength, ratiometric calcium indicator dye, Fura-2-AM (Life Technologies, Carlsbad, CA). Coverslips were loaded with 2.5 mg/mL Fura-2 in 2% bovine serum albumin for 45 minutes then washed with extracellular buffer for 30 minutes. Extracellular buffer contained (in mM) 150 NaCl, 10 HEPES, 8 glucose, 5.6 KCl, 2 CaCl 2 , and 1 MgCl 2 (all from Sigma). Coverslips were mounted onto an inverted fluorescent microscope and perfused with extracellular buffer at a rate of 6 mL/min. Fluorescence images were captured at both 340 nm (Ca 21 bound Fura-2) and 380 nm (unbound Fura-2), and 340 nm/380 nm image ratio was calculated. Data acquisition and analysis was performed using NIS Elements software (Nikon, Melville, NY). Responsive cells were those that exhibited a $20% increase in 340 nm/380 nm ratio from baseline measures during cold stimuli, capsaicin application, or CCL2 application. Similarly, cells were considered viable neurons if they responded to a depolarizing 50 mM KCl stimulus with $20% increase in 340/380 ratio. Small diameter (,27 mm) cells were the focus of this study because they were previously reported as mechanically sensitized in SCD. 26 To produce a cold ramp, cells were superfused with chilled buffer (6 mL/minutes flow rate), gradually decreasing the exogenous temperature of the recording chamber from ;23 to 14˚C over 2 minutes. Recording chamber temperatures were monitored throughout imaging using a thermocouple. The percentage of cells responding at any point throughout the cold ramp and magnitude of individual cell responses was measured. Cold thresholds were defined as the temperature at which the cell first responded with a greater than 20% increase from baseline ($20% ΔF/F).
To address TRPV1 sensitization, capsaicin (Fluka; Sigma) was applied to cells at concentrations of 5 nM (90 seconds), 10 nM (90 seconds), or 100 nM (60 seconds). The CCR2 antagonist RS 504393 was used (10 mM in 0.005% DMSO unless otherwise stated; 1.0 mM and 0.1 mM were also dissolved in 0.005% DMSO; 10 mM of RS 504393 is effective in blocking CCL2-induced migration of murine macrophage cell lines 13 ). RS 504393 was superfused over cells for 3 minutes before and during stimulation with capsaicin or cold. In other experiments, cells were superfused with 100 pM, 1 nM, or 100 nM recombinant CCL2 for 2 minutes to assess responsivity to this chemokine 53 (Protein Foundry, Milwaukee, WI). In time-course experiments, cells were incubated with 100 nM CCL2 for 10 or 30 minutes before capsaicin application. The percentage of responsive neurons and response magnitudes to capsaicin (with and without CCR2 antagonism) and CCL2 were recorded.
Data analysis
Paw withdrawal thresholds/latencies were analyzed using a 2-way analysis of variance (ANOVA) test. For von Frey dose-response curve analyses, log 2 (withdrawal thresholds) were analyzed. Withdrawal latency to cold and percent time spent on the cold plate were compared using a t test or ANOVA where applicable. For calcium imaging experiments, the proportion of neurons responding to a given stimulus was compared between genotypes and treatment groups using a x 2 analysis followed by Bonferroni corrections. Neuronal temperature thresholds and magnitudes of calcium responses were compared using 2-way ANOVA and Sidak multiple comparisons test. Data were analyzed using GraphPad Prism 6 (La Jolla, CA); results were considered significant when P , 0.05.
Results
Like previous reports from SCD patient literature, SCD transgenic mice are in a tonic state of inflammation. 5, 15 Specifically, circulating CCL2 was increased by ;30% in serum from Berk SS mice, a transgenic model of severe SCD, compared with B6;129 control animals (Fig. 1A) . The primary receptor for CCL2 is the complementarily named CCR2. CCR2 expression was assessed in DRG extracted from Berk SS and B6;129 mice through immunofluorescence; neuronal expression of CCR2 was noted in both genotypes (Fig. 1B) . Behavioral and cellular assays were performed to further determine the contributions of this proinflammatory chemokine signaling in SCD cold and mechanical sensitization, 2 modalities commonly dysregulated in patients with SCD.
Acute blockade of CCR2 reverses cold hypersensitivity in sickle cell disease mice
Contributions of CCL2 signaling to cold sensitivity were assessed using the dry ice cold plantar assay. 10 As previously reported using other thermal assays, both the severe sickle phenotype mice (Berk SS) and mildly affected heterozygous (Townes AS) transgenic strains exhibited increased cold sensitivity compared with B6;129 controls. Berk SS mice had significantly shorter paw withdrawal latencies than both B6;129 controls and Townes AS mice ( Fig. 2A) . Subcutaneous administration of the specific CCR2 antagonist RS 504393 significantly increased withdrawal latencies, most notably in both transgenic strains. To determine whether RS 504393 was indiscriminately decreasing cold sensitivity in all animals, a temperature preference assay was used. In line with the cold plantar assay results, RS 504393 pretreatment increased the amount of time Berk SS mice spent on the colder 23˚C floor plate by ;45%; this drug had no effect on the amount of time that control B6;129 animals spent on the cold plate (Supplemental Fig. 1 , available online at http://links.lww.com/PAIN/A574). To determine whether additional peripheral mechanisms were involved in SCD cold sensitivity, the CCR4 antagonist C 021, TRPV1 antagonist A-425619, and TRPA1 antagonist HC-030031 were administered before performing the plantar cold assay. Administration of C 021 had no effect on sickle cell-related cold hypersensitivity (Fig. 2B) . A similar observation was made after administration of a TRPV1 antagonist (Fig. 2C ) or TRPA1 antagonist (Fig. 2D) ; the shorter withdrawal latencies in Townes AS and Berk SS mice were not significantly altered by A-425619 or HC-030031 injections, respectively.
Acute inhibition of CCR2 does not alter the enhanced cold responsiveness of sickle cell disease sensory neurons
To investigate the cellular mechanisms underlying sickle cellrelated cold sensitivity, calcium imaging was performed on smalldiameter (,27 mm) neurons isolated from the lumbar DRG of Berk SS mice. After incubation in the CCR2 antagonist RS 504393 or vehicle, neurons were exposed to a gradual decrease in extracellular buffer temperature of ;10˚C over 2 minutes (Fig. 3A) .
In line with behavioral results, a larger proportion of Berk SS neurons were sensitive to the cold ramp stimulus when compared with B6;129 neurons (Fig. 3B) . In contrast with behavioral data, incubation with RS 504393 did not decrease the heightened proportion of cold-sensitive neurons in Berk SS cultures. As additional measures of cold responsivity, the cold response thresholds and magnitude were also analyzed. The temperature at which isolated neurons from Berk SS and control mice first responded to cold was not significantly different (;18.7˚C in both cohorts; Fig. 3C) . Similarly, the response magnitude of cold-sensitive neurons did not differ between Berk SS and B6;129 cultures (Fig. 3D) . CCR2 inhibition had no effect on either cold threshold or response magnitude (Figs. 3C-D) .
Because subcutaneous administration of RS 504393 significantly decreased Berk SS cold hypersensitivity ( Fig. 2A) , but direct administration of the compound on Berk SS DRG neurons had no effect on cold responsiveness, behavioral cold sensitivity was tested after intrathecal administration of the CCR2 antagonist to determine whether SCD cold sensitivity was mediated through spinal cord (central nervous system) CCR2 activity. Spinal administration of RS 504393 had no effect on Berk SS cold hypersensitivity (Fig. 3E) , despite the efficacy of this intrathecal dose in other pain models. Conversely, local subcutaneous administration of RS 504393 in the plantar surface of the hind paw significantly increased Berk SS withdrawal latencies to cold stimulation (Fig. 3F) . Collectively, these data suggest that acute CCR2 inhibition meditates SCD-related cold hypersensitivity at the peripheral tissue level, and likely through nonneuronal cell types.
3.3. Acute blockade of CCR2 or TRPV1 reverses mechanical hypersensitivity in sickle cell disease mice Both patients with SCD and transgenic mouse models display persistent mechanical hypersensitivity. 26 To determine the contributions of CCL2 signaling to this sensory surplus, von Frey filaments were used to assess mechanical paw sensitivity after administration of the CCR2 antagonist RS 504393 or the CCR4 antagonist C 021. Subcutaneous administration of 3 mg/kg or 10 mg/kg RS 504393 significantly increased withdrawal thresholds in Berk SS mice (Fig. 4A) . Conversely, subcutaneous administration of C 021 had no effect on the pronounced hypersensitivity displayed by Townes AS and Berk SS mice (Fig. 4B) . Previous reports have linked increased TRPV1 activity with the heightened mechanical sensitivity observed in transgenic SCD models. 26 Confirmation of this association was demonstrated after i.p. administration of the TRPV1 antagonist A-425619. Significant increases in paw withdrawal threshold were noted in Berk SS mice after injection of 34.5 mg/kg or 115 mg/kg A-425619 (Fig. 4C) . Collectively, these data suggest that signaling through both TRPV1 and CCR2 is important for sickle cell-related mechanical hypersensitivity.
3.4. Small-diameter sensory neurons of sickle cell disease mice are sensitized to TRPV1 activation After demonstrating an association between TRPV1 activity and behavioral correlates of ongoing SCD pain, calcium imaging was used to assess the cellular underpinnings of this relationship. Again, small-diameter neurons were isolated from lumbar DRG of Berk SS and B6;129 mice. TRPV1 activity in individual neurons was assessed by responsiveness to 5 nM (Fig. 5A), 10 nM (Fig.  5B) , or 100 nM capsaicin (Fig. 5C) , an exogenous TRPV1 ligand. No difference was observed between the proportion of B6;129 and Berk SS neurons responsive to the high concentration (100 nM) of capsaicin; however, increased proportions of Berk SS neurons responded to lower (5 nM and 10 nM) capsaicin concentrations (Fig. 5D) . Although increasing concentrations of capsaicin elicited larger responses in agonist-sensitive neurons, the magnitude of these responses did not differ between Berk SS and control neurons (Fig. 5E) .
Given that both CCR2 and TRPV1 antagonism can rapidly alleviate behavioral mechanical sensitization, we next assessed whether direct CCR2 inhibition in cultured neurons alleviates TRPV1 sensitization. Acute incubation (3 minutes) with high concentrations (10 mM) of the CCR2 antagonist RS 504393 fully reduced the enhanced TRPV1 sensitization of Berk SS neurons without impairing basal sensitivity to capsaicin in control neurons (Fig. 5F ). Lower concentrations (1.0 and 0.1 mM of RS 504393) did not statistically alter the number of Berk SS neurons that responded to capsaicin. RS 504393 had no impact on capsaicinresponse magnitudes in neurons of either genotype (Fig. 5G) .
Although inhibition of CCR2 in Berk SS neurons produced functional decreases in TRPV1 sensitivity, the converse effect was not observed: application of exogenous CCL2 for 10 or 30 minutes did not further increase TRPV1 sensitivity in Berk SS neurons (Fig. 5H) . Control neurons display a nonsignificant trend toward increasing capsaicin sensitivity after different periods of CCL2 coincubation (Fig. 5H) . Direct application of CCL2 did not induce calcium influx in Berk SS neurons; a similar proportion of small-diameter neurons from sickle mice exhibited spontaneous calcium transients regardless of the presence of various concentrations of exogenous CCL2 (Fig. 5I) .
Acute blockade of CCR2 decreases TRPV1 hypersensitivity in sickle cell disease mice
To determine whether CCR2 signaling is mediating TRPV1 sensitization on the behavioral level, the capsaicin test was used. In this assay, Berk SS and B6;129 control mice received an intraplantar injection of capsaicin or 10% DMSO vehicle. Spontaneous nocifensive behaviors were timed after injection of 2 different doses of capsaicin: 160 ng/paw or 16 ng/paw. Berk SS mice displayed spontaneous pain-like behaviors for significantly more time than B6;129 mice after 160 ng/paw treatment (Fig.  6A) . After 16 ng/paw treatment, mice from both genotypes exhibited behavioral responses that were statistically similar to vehicle treatment.
A separate cohort of mice were pretreated with RS 504393 or 5% DMSO vehicle before intraplantar injection of 160 ng capsaicin to determine whether CCR2 signaling was critical for the behavioral capsaicin sensitivity observed in Berk SS animals. Vehicle pretreated Berk SS and B6;129 animals exhibited significant increases in nocifensive behavior duration after capsaicin injection (Fig. 6B) ; capsaicin responsiveness of Berk SS mice was significantly higher than B6;129 mice. Responses to intraplantar vehicle injection were statistically similar between groups. Notably, subcutaneous injection of RS 504393 (3 mg/kg) significantly decreased nocifensive responses in Berk SS mice after intraplantar capsaicin injection but did not statistically decrease capsaicin responses in B6;129 controls. Taken together, these results suggest that ongoing CCR2 activity in Berk SS mice is contributing to the responsiveness of peripheral TRPV1 signaling pathways.
Discussion
Pain is often the primary symptom of SCD and the leading cause for patients to seek medical care. 1 Despite high morbidity rates, surprisingly little is known about the mechanisms underlying the generation and maintenance of chronic pain in this disease. It is known, however, that both patients with SCD and transgenic animal models exist in a persistent proinflammatory state; chemokines including CXCL1, 43 CXCL8 (interleukin 8, IL8), 38 CXCL9, CXCL10, 56 CXCL12, 43 and CX3CL1 (fractalkine) 54 are significantly elevated in the serum of patients with SCD or mouse models. The focus of these studies was CCL2, a chemokine that has previously been shown to sensitize primary sensory afferents in neuropathic pain models. 30 Independent studies have reported both neuropathic pain-like symptoms 8 and increased levels of circulating CCL2 47 in patients with SCD; future experiments should determine whether reported pain measures and CCL2 serum levels in human patients are correlative. In this report, we further investigate the nociceptive role of this chemokine in transgenic mouse models of SCD. We first demonstrate that Berk SS mice have increased levels of plasma CCL2. Species-specific differences in circulating CCL2 should not be overlooked; SCD mice have ;30% increase in circulating CCL2 as compared to control animals, whereas patients with SCD have ;600% increase in circulating CCL2 as compared to race-matched controls. 47 Despite the smaller disease-related increases of CCL2 in rodent, manipulation of this signaling pathway was still effective in reducing mechanical and cold hypersensitivity in the Berkeley and Townes transgenic animal models of SCD, providing further support that CCR2 therapy would be effective in human patients with SCD.
Here, we report that inhibition of CCR2, one of the main receptors of CCL2, leads to alleviation of both mechanical and cold behavioral hypersensitivity in mouse models of SCD. Inhibition of CCR4, another CCL2 receptor that is expressed in DRG and that has known nociceptive functions, 42 did not alleviate SCD-related hypersensitivities. These data suggest that enhanced tonic activation of CCR2, using CCL2 or additional endogenous ligands, may be necessary to maintain the nociceptor sensitization observed in SCD both in vitro and in vivo. There are multiple ways through which the CCL2-CCR2 signaling axis may contribute to neuronal sensitization. An important consideration is whether the impact of CCR2 inhibition is mediated through sensory neurons themselves, or whether intermediate cell types are necessary to confer the alleviation of pain. CCR2 is expressed by DRG neurons; expression is enhanced in neuropathic pain models, many of which are phenotypically similar to transgenic SCD mouse models.
6,29,53,58,61 In neuropathic models, CCL2 can act on peripheral sensory neurons to enhance excitability and responsiveness, as well as on other cell types including microglia or central nervous system neurons. 46 To begin to address this question in SCD, we asked whether CCR2 signaling contributes to sensitization of DRG neurons in culture because this effectively eliminates the direct contributions of the central nervous system and nonneuronal cell types. 
CCR2 mediates cold hypersensitivity but not sensory neuron sensitization to cold stimuli
Subcutaneous administration of the CCR2 antagonist significantly decreased the behavioral cold sensitivity. Notably, inhibition of the putative cold-sensitive channel TRPA1 had no effect on this behavioral measure. In addition to behavioral cold sensitization, we also report cold sensitization in isolated smalldiameter sensory neuron somata in culture. These data are consistent with our previous findings that nociceptive peripheral sensory afferents from SCD animals are sensitized to cold stimulation. 63 In afferent skin-nerve recordings, cold sensitization manifested as warmer activation thresholds; in the present calcium imaging studies, activation temperatures did not differ between genotypes. Instead, the proportion of neurons activated by the cooling stimulus was increased in DRG cultures from sickle mice. The fact that subcutaneous CCR2 inhibition alleviated cold sensitization in 2 behavioral assays without altering the cold sensitivity of isolated sensory neurons is noteworthy. Several possibilities may underlie these distinctions. First, nonneuronal cells in the skin may contribute to cold sensitivity in situ. In fact, keratinocytes of the epidermis are known to respond directly to heat stimulation, 18 and parallel mechanisms may underlie cold sensitivity as well. The hypothesis that nonneuronal skin cells may be involved is consistent with our data in which intraplantar administration of RS 504393 significantly decreased cold behavioral hypersensitivity, and with previously published experiments in which levels of secreted CCL2 from Berk SS skin were significantly decreased after treatment with a mast cell inhibitor. 55 Second, calcium imaging experiments were performed at a baseline starting temperature of ;23˚C compared with the 32˚C starting temperature in skin-nerve experiments. This difference in starting temperature and the extent of temperature deviation during the experiment are known to affect TRP channel activation. 22, 35 Third, in vitro calcium imaging experiments by definition involve significant axonal injury near the soma, and the culturing process and subsequent recording delay may obscure transient differences in sensitization that existed in vivo. 3 
CCR2 mediates TRPV1 sensitivity in sickle cell disease
Sickle cell disease mice exhibit TRPV1 sensitization on both the behavioral and neuronal levels. Behaviorally, TPRV1 sensitization manifested as mechanical hypersensitivity. It should be noted that, unlike in the plantar cold testing, the less severe model of SCD (ie, Townes AS) exhibited mechanical withdrawal thresholds that were statistically similar to those observed in the severe Berk SS model of SCD. Previously published data from our laboratory demonstrate an intermediate phenotype for AS mice when compared with SS mice of the same genetic background (Townes SS). 64 The highly variable nature of von Frey testing, sample size, and number of post hoc analyses may contribute to the observed similarities between genotypes (ie, Townes AS and Berk SS) in these experiments. Regardless, acute inhibition of TRPV1 channels significantly increased mechanical paw withdrawal thresholds in Berk SS mice. Acute CCR2 inhibition also decreased mechanical hypersensitivity in Berk SS mice. Furthermore, RS 504393 treatment decreased both the amount of time Berk SS mice exhibited nocifensive responses to intraplantar capsaicin injections, and the proportion of isolated neurons from these animals that were responsive to low concentrations of capsaicin. Although we tested 3 concentrations of RS 504393 (0.1-10 mM), only 10 mM fully inhibited the enhanced number of isolated SCD neurons that responded to 5 nM capsaicin. We predict that concentrations between 1 and 10 mM would partially inhibit the capsaicin-responsive SCD neurons. Collectively, this evidence supports the hypothesis that CCR2 mediates mechanical hypersensitivity through sensitization of TRPV1.
Several lines of evidence suggest that TRPV1 sensitization is not likely mediated by an increase in TRPV1 expression. First, TRPV1 expression is not enhanced in whole DRG of sickle mice, at least at the level of mRNA. 63 Second, we observed that acute inhibition of CCR2 was able to mitigate the mechanical sensitization on a much faster time scale than would be required if this effect was mediated by an alteration of gene transcription, translation, and transport to the plasma membrane. Together, these data suggest that a similar proportion of sensory neurons express TRPV1, and likely at similar levels, but that existing TRPV1 channels may be sensitized to activation. Because the TRPV1 antagonist was administered intraperitoneally for all behavioral experiments, central sensitization of TRPV1, a phenomenon previously reported by others, 51 cannot be ruled out. However, it has previously been shown that sickle sensory neurons retain sensitization to TRPV1 even once isolated from the central nervous system, both in the form of teased fiber recordings and patch clamp recordings of isolated DRG neurons. 26 Furthermore, low blood-brain barrier permeability of A-425619 makes peripheral sensitization a more likely contributor to the observed behavioral manifestations. 27 
Potential mechanisms underlying CCR2-mediated sensitization
Overall, our evidence suggests that CCR2 activation leads to TRPV1 sensitization and thereby contributes to mechanical hypersensitivity. Of note, a brief 3 minutes of CCR2 inhibition was sufficient to mitigate the sensitization of TRPV1 in calcium imaging experiments. This rapid effectiveness strongly suggests that the effects of RS 504393 are mediated by sensory neurons themselves. CCR2 is a Ga i -linked G protein-coupled receptor; its activation leads to inhibition of adenylyl cyclase and mobilization of calcium stores. 59 Although the mechanisms underlying CCR2 activation and resulting calcium flux and chemotaxis in immune cells have been extensively studied, much less is known about how chemokine receptors induce neuronal sensitization. One possibility is that Gbg-mediated activation of PLC leading to release of calcium from intracellular stores 40 might directly contribute to TRPV1 sensitization, given the intrinsic connection between calcium signaling and neuronal activation. However, such a mechanism may require persistent tonic activation of CCR2 to maintain neuronal sensitization, and ligand-mediated activation of CCR2 results in receptor internalization from the plasma membrane. 59 Measuring CCL2 release in DRG cultures and testing capsaicin sensitization through calcium imaging in the presence of an effective CCL2-neutralizing antibody will be helpful in confirming the viability of this possibility. Alternatively, neuronal CCR2 activation might lead to direct Gbg-mediated sensitization of TRPV1 channels. A similar mechanism of Gbg subunits coupling with ion channels has been proposed for other G protein-coupled receptors, such as MrgprA3 activation leading to the activation of TRPA1. 60 These results provide insight into immune-mediated regulation of hypersensitivity in SCD and could inform future development of treatments for chronic SCD pain. The lack of adequate pain management therapies available for these patients results in an enormous health care burden for both the individual and society. 52, 57 The inadequate pain control is further complicated by discrimination at the level of access to care, 25 largely because of a pervasive stigmatization that patients with SCD are frequently abusing opioid medications, despite the clear physiological basis for the pain these patients report. 21 Of note, several clinical trials are addressing the utility and feasibility of CCR2 antagonists, and antagonists of other chemokine receptors for indications ranging from arthritis to pain. 28 Therefore, there is a distinct therapeutic potential that CCR2 inhibition may be of significant clinical benefit to individuals with SCD.
